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OBSERVATIONAL CONTEXT

The gravitational-wave background searches across bands

NANOGrav 15-year LVK O1–O4c1

4 The NANOGrav Collaboration
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Figure 1. Summary of the main Bayesian and optimal-statistic analyses presented in this paper, which establish multiple lines
of evidence for the presence of Hellings–Downs correlations in the 15-year NANOGrav data set. Throughout we refer to the
68.3%, 95.4%, and 99.7% regions of distributions as 1/2/3σ regions, even in two dimensions. (a): Bayesian “free-spectrum”
analysis, showing posteriors (gray violins) of independent variance parameters for a Hellings–Downs-correlated stochastic process
at frequencies i/T , with T the total data set time span. The blue represents the posterior median and 1/2σ posterior bandsa

for a power-law model; the dashed black line corresponds to a γ = 13/3 (SMBHB-like) power-law, plotted with the median
posterior amplitude. See §3 for more details. (b): Posterior probability distribution of GWB amplitude and spectral exponent
in a HD power-law model, showing 1/2/3σ credible regions. The value γGWB = 13/3 (dashed black line) is included in the 99%
credible region. The amplitude is referenced to fref = 1yr−1 (blue) and 0.1 yr−1 (orange). The dashed blue and orange curves
in the log10 AGWB subpanel shows its marginal posterior density for a γ = 13/3 model, with fref = 1yr−1 and fref = 0.1 yr−1,
respectively. See §3 for more details. (c): Angular-separation–binned inter-pulsar correlations, measured from 2,211 distinct
pairings in our 67-pulsar array using the frequentist optimal statistic, assuming maximum-a-posteriori pulsar noise parameters
and γ = 13/3 common-process amplitude from a Bayesian inference analysis. The bin widths are chosen so that each includes
approximately the same number of pulsar pairs, and central bin locations avoid zeros of the Hellings–Downs curve. This binned
reconstruction accounts for correlations between pulsar pairs (Romano et al. 2021; Allen & Romano 2022). The dashed black
line shows the Hellings–Downs correlation pattern, and the binned points are normalized by the amplitude of the γ = 13/3
common process to be on the same scale. Note that we do not employ binning of inter-pulsar correlations in our detection
statistics; this panel serves as a visual consistency check only. See §4 for more frequentist results. (d): Bayesian reconstruction
of normalized inter-pulsar correlations, modeled as a cubic spline within a variable-exponent power-law model. The violins plot
the marginal posterior densities (plus median and 68% credible values) of the correlations at the knots. The knot positions are
fixed, and are chosen on the basis of features of the Hellings–Downs curve (also shown as a dashed black line for reference): they
include the maximum and minimum angular separations, the two zero crossings of the Hellings–Downs curve, and the position
of minimum correlation. See §3 for more details.
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FIG. 5. Predicted astrophysical GWBs from BBH, BNS and
NSBH coalescences at the 90% credible level.

upper bound of this credible interval is roughly a fac-
tor of two lower than the value reported in the previous
LVK stochastic background search [75], mainly due to
the weaker rise of the BBH merger rate evolution at low
redshift, as discussed above. Figure 6 shows the com-
bined estimate alongside the 2σ PI curve representing
the integrated sensitivity of the search reported here, as
well as the updated projected O5 sensitivity of the LIGO
detectors [100]. Since the O5 sensitivity projection is pro-
vided for three representative epochs with progressively
improving sensitivity levels, the O5 PI curve shown here
is constructed assuming one year of coincident data, with
one third of the observing time spent at each of the O5a,
O5b and O5c sensitivity levels. With the increased num-
ber of GW observations and the improved understand-
ing of the local CBC populations, the uncertainty on our
CBC background estimate is substantially reduced. Nev-
ertheless, under the projected O5 sensitivity, a detection
of the CBC background remains within reach, provided
the detectors achieve their anticipated performance.

V. CONCLUSIONS

In this work, we performed a cross-correlation search
for an isotropic gravitational-wave background using
data from the first LVK observing run (O1) through
April 1, 2025 (O4c1). Relative to the previous analy-
sis in Ref. [75], this search incorporated an additional
117 days of coincident LIGO Hanford–Livingston data
from O4b and O4c1, after data-quality cuts. We did not
include Virgo data from O4, as their addition improved
the network sensitivity by less than 1%. The analysis
covered the frequency band from 20 to 1726 Hz.

During O4, new data-quality challenges emerged in the
form of noise features not identified by existing vetoing
methods. To address this, we developed a stricter notch-

FIG. 6. The purple band shows the combined estimate of
the CBC background at the 90% credible level, with the me-
dian indicated by the solid line. For comparison, the previous
estimate after O4a from Ref. [75] is also shown. The figure
further includes the 2σ PI sensitivity curve of the O1–O4c1
search presented in this work, together with the corresponding
curve from the O4a search and the projected target sensitiv-
ity for one year of coincident O5 data. The O5 projection
assumes equal observing time at the expected O5a, O5b and
O5c sensitivity levels.

list procedure based on the temporal variability of the
power spectral density, which allowed us to identify both
narrow spectral lines and broader non-stationary features
that remained hidden in time-averaged spectra. This pro-
duced two new notch lists: an updated one for O4a and
another for O4b–O4c1, which made it necessary to rean-
alyze the O1–O4a data with the revised frequency cuts.

We found no evidence for an isotropic background.
Hence, we placed a 95% credible upper limit of e.g.
Ωref(25Hz) ≤ 2.8 × 10−9 for a spectral index α = 0 un-
der a log-uniform prior (≤ 7.4 × 10−9 under a uniform
prior), improving the recalculated O1–O4a constraints by
a factor of 1.4 (1.5 for a uniform prior).

Since cross-correlation searches could be biased by cor-
related environmental noise, we also evaluated the con-
tribution from magnetic Schumann resonances and found
that correlated magnetic noise did not affect the re-
sults in this paper. Furthermore, we performed a joint
Bayesian search in which correlated magnetic noise and
the gravitational-wave background were assumed to be
present simultaneously, which showed no evidence for
such a scenario.

We also searched for alternative gravitational-wave po-
larizations beyond the tensor modes predicted by general
relativity, namely scalar and vector components. We im-
proved O1–O4a constraints on these non-standard polar-
ization backgrounds by factors of 1.4 and 1.3 for vector
and scalar modes, respectively. Our analysis indicated
a preference for a tensor-polarized background, as pre-
dicted by GR. However, in the absence of a detection,

Dashed curve: Hellings–Downs prediction Black curve: O1–O4c1 2-sigma PI sensitivity

Evidence for a correlated GWB ΩGW (25 Hz) < 2.8 × 10−9

95% upper limit; flat spectrum; log-uniform prior

NANOGrav Collaboration, arXiv:2306.16213 LVK Collaboration, arXiv:2608.23477
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COSMIC STRINGS

What are cosmic strings?

One-dimensional defects that may form during symmetry breaking in the early Universe.

A string network The network produces loops

Loops oscillate and emit gravitational waves.

String tension: 𝐺𝜇

Illustrations: Cambridge Cosmology Group / LIGO

Their accumulated radiation forms a broad-band gravitational-wave background.
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LOOP RADIATION

Cusps and kinks radiate gravitational waves

Cusp

E ' 2

A point briefly moves

at nearly the speed of light.

| ℎ̃𝑐 ( 𝑓 ) | ∝ 𝑓 −4/3

Kink

Tangent discontinuity

A sharp bend propagates

along the string.

| ℎ̃𝑘 ( 𝑓 ) | ∝ 𝑓 −5/3

Kink–kink collision

Approach

Collision

Two oppositely moving

kinks meet.

| ℎ̃𝑘𝑘 ( 𝑓 ) | ∝ 𝑓 −2

Bursts from these features dominate the gravitational-wave emission from cosmic-string loops.
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TRADITIONAL CALCULATIONS

Two methods for calculating the spectrum

Harmonic expansion Burst superposition
Vachaspati & Vilenkin (1985)

Phys. Rev. D 31, 3052

Blanco-Pillado & Olum (2017)
arXiv:1709.02693

Damour & Vilenkin (2000)
arXiv:gr-qc/0004075

Siemens et al. (2007)
arXiv:astro-ph/0610920

Ω𝑠
H ( 𝑓 ) =

8𝜋(𝐺𝜇)2

3𝐻2
0

∞∑︁
𝑗=1

𝑃𝑠
H

2 𝑗
𝑓

∫
𝑑𝑧

𝑛(2 𝑗/[ 𝑓 (1 + 𝑧)], 𝑡 (𝑧))
𝐻 (𝑧) (1 + 𝑧)6 Ω𝑠

B ( 𝑓 ) =
4𝜋2 𝑓 3

3𝐻2
0

∫
𝑑𝑧 𝑑𝑙 |ℎ𝑠 ( 𝑓 , 𝑧, 𝑙) |2

𝑑2𝑅𝑠

𝑑𝑧 𝑑𝑙

𝑃𝑠
H = 𝐴𝑠

H 𝑗−𝑞𝑠 : dimensionless power in harmonic j

𝑛(𝑙, 𝑡) : loop number density

ℎ𝑠 ( 𝑓 , 𝑧, 𝑙) : Fourier-domain burst strain

𝑑2𝑅𝑠

𝑑𝑧 𝑑𝑙
: observed burst-event rate

A multi-band constraint needs a common physical description.

When do these calculations agree, and which spectrum should we use across bands?
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CONTEXT

What did earlier comparisons establish?

Continuum approximation

Replace the discrete spectrum

by a continuous one.

Plateau consistency

=
5

Compare the two calculations

on the radiation-era plateau.

High-mode convergence

more harmonics

5

Recover the high-frequency tail

by including more harmonics.

Binétruy et al. (2012) ∙ arXiv:1201.0983

Ringeval & Suyama (2017)

arXiv:1709.03845

Auclair et al. (2020)

arXiv:1909.00819

Cui, Lewicki & Morrissey (2020)

arXiv:1912.08832

5/17



FORMAL CONNECTION

A fundamental kernel connects the two descriptions

K( 𝑓 ) = 2
𝑓

∫
𝑑𝑧

𝑛(2/[ 𝑓 (1 + 𝑧)], 𝑡 (𝑧))
𝐻 (𝑧) (1 + 𝑧)6

Harmonic
Discrete normalized average

⟨K⟩𝐻 ≡

∞∑︁
𝑗=1

𝑗−𝑞𝑠K( 𝑓 / 𝑗)

∞∑︁
𝑗=1

𝑗−𝑞𝑠

Ω𝑠
𝐻 ( 𝑓 ) = 𝐶Γ𝑠 ⟨K⟩𝐻

Burst
Continuous normalized average

⟨K⟩𝐵 ≡

∫ ∞

𝛿𝑠

𝑑𝑥 𝑥−𝑞𝑠K( 𝑓 /𝑥)∫ ∞

𝛿𝑠

𝑑𝑥 𝑥−𝑞𝑠

Ω𝑠
𝐵 ( 𝑓 ) = 𝐶Γ𝑠 ⟨K⟩𝐵

𝐶 =
8𝜋(𝐺𝜇)2

3𝐻2
0

, Γ𝑠 : power in radiation channel 𝑠
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READING THE KERNEL

One kernel determines the spectrum at every frequency

10−12 10−9 10−6 10−3 100 103 106 109 1012

Kernel frequency [Hz]
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10−26

K
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]

5 ( 9 = 1)5 /100

5 /10000

BOS / Model A
Example: observed 5 = 10−7 Hz

Continuous range: 0 < 5 /G ≤ 5 /XB

Harmonic: weighted discrete samples Burst: a weighted continuous integral
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PLATEAU AND RISING BRANCH

Why the spectra agree on the plateau and differ below it
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Normalized weights: ? 9 = 9−@B/Z (@B), ?(G) = G−@B/
∫ ∞
XB
D−@B3D

Harmonic: hold K( 5 / 9) in each cell Burst: follow the continuous kernel

A constant kernel gives the same average;
a rising kernel makes the way we sample it important.
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SPECTRAL COMPARISON

Cosmic-string spectra for Models A and B
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PREVIOUS ANALYSES

Previous O4a constraints: fixed cusp and kink choices
LVK Collaboration, arXiv:2510.26848

𝑁𝑐 = 1, 𝑁𝑘 = 1, . . . , 200

Discrete fixed- (𝑁𝑐, 𝑁𝑘)
comparisons

Cosmic-string-only

analysis

Outdated PTA

constraints
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BAYESIAN ANALYSIS

Cosmic-string priors and the multi-band analysis

Parameter Physical meaning Prior

log10 𝐺𝜇 String tension 𝑈 (−18,−6)

𝑁𝑐 Mean cusp number 𝑈 (0, 3)

𝑁𝑘 Mean kink number 𝑈 (1, 10)

Induced prior

0 50 100
Γ

0.0

0.5

1.0

c
(Γ
)

×10−2

LVK O1–O4a

Cosmic strings + CBC

Cross-correlation spectra

NG15yr / EPTA DR2new

Cosmic strings + SMBHB

HD-correlated free spectra

Joint

Shared string parameters

Both detector bands

lnLjoint = lnLLVK + lnLPTA
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RESULTS

Constraints for four loop distribution models
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Model A: PTA dominated Models B / C-1 / C-2: LVK dominated

Harmonic gives tighter LVK bounds than burst

Model B 25% Model C-1 21% Model C-2 31%
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ACTUAL POSTERIORS

Which band controls the joint tension bound?
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Model A: Joint follows PTA Model B: Joint follows LVK

The LVK bound lies far below the PTA posterior peak.
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CUSP AND KINK NUMBERS

What do the data tell us about radiation uncertainty?
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LVK: prior-dominated posteriors for {𝑁𝑐, 𝑁𝑘}.

PTA: large {𝑁𝑐, 𝑁𝑘} are disfavored.
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Thank you for your attention!
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CROSS-CHECK / EPTA

EPTA gives similar results
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The same pattern: Model A is PTA dominated; Models B, C-1 and C-2 are LVK dominated.
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BACKUP / THERMAL HISTORY

Relativistic species leave steps in the kernel
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